In 1937, Wilson and Umbreit1 reported that H2 inhibited N2 fixation in red clover plants and when this inhibition proved to be competitive, it implied that N2 and H2 were bound at the same site on the enzyme. The enzyme also binds CO2 and N20' competitively with N2. The first evidence that any compound other than N2 bound at the N2-fixing site could be reduced was supplied when Mozen and Burris4 demonstrated that N20 was reduced by Azotobacter vinelandii and soybean nodules. (The reduction of N20 by nodules was verified by Hoch, Schneider, and Burris;5 and recently the reaction was verified in A. vinelandii and extended to Clostridium pasteurianum by Hardy and Knight.6)
In 1937, Wilson and Umbreit1 reported that H2 inhibited N2 fixation in red clover plants and when this inhibition proved to be competitive, it implied that N2 and H2 were bound at the same site on the enzyme. The enzyme also binds CO2 and N20' competitively with N2. The first evidence that any compound other than N2 bound at the N2-fixing site could be reduced was supplied when Mozen and Burris4 demonstrated that N20 was reduced by Azotobacter vinelandii and soybean nodules. (The reduction of N20 by nodules was verified by Hoch, Schneider, and Burris;5 and recently the reaction was verified in A. vinelandii and extended to Clostridium pasteurianum by Hardy and Knight. 6) The reduction of azide constituted the next evidence for the low specificity of reduction at the N2-binding site (report of Schollhorn's work at the 1965 conference on N2 fixation summarized by Delwiche'). Shortly thereafter, Schollhorn and Burris8 also reported the reduction of acetylene and its competitive inhibition of N2 fixation, and Dilworth9 entirely independently also observed acetylene reduction and established that the reduction yielded ethylene.
As all of these reductions require the same conditions as does N2 fixation, i.e., a source of adenosine 5'-triphosphate (ATP) and a strong reducing agent, they have aroused interest because of the potential information they can supply regarding the active site of the enzyme and the nature of the binding of N2 at this site. The list of compounds reduced by the N2-fixing enzyme complex now has been extended to cyanide,10 isocyanide,"1 and a variety of analogues of these compounds.
Methods.-Reagents: H2, CO, N20, N2 (high purity), and acetylene (purified grade) were commercial cylinder gases. Trimethylhydrazinium chlorides and triphenylphosphinazinium chloride13 were prepared according to the literature. Hydrazine sulfate, hydrazine derivatives, and the diazo compounds used were purified by recrystallization. Sodium azide was twice recrystallized by precipitation from aqueous alcoholic solution with ether.
Enzyme preparations from C. pasteurianum: Cultures of Clostridium pasteuranum were grown in a nitrogen-deficient medium with N2 and harvested and stored under conditions previously described.14 Extracts were obtained by autolyzing the dried cells for 1 hr with shaking in 0.05 M cacodylate buffer, pH 6.8, at 320 under H2. The resulting suspension was centrifuged at 20,000 g for 25 min and the supernatant was used.
Assays: Normal and inhibited N2 fixation and reduction of N-N bonds were measured by NH3 formation. Most experiments were run in 20-ml rubber-capped serum bottles containing the desired gas atmosphere and the reaction mixture with 5 Mmoles ATP, 50 smoles acetylphosphate, 2 Mnmoles MgCl2, 50 ;Amoles cacodylate buffer pH 6.8, 8 mg crude enzyme protein, and the aqueous solution of the compounds investigated. To prevent loss of volatile hydrogen azide, sodium azide was added only after degassing and exchange of the gas phase. The bottles were shaken in a water bath at 32°, and the reaction was initiated by addition of extract by hypodermic needle; the total volume of the reaction mixture was 1 ml. Addition of 1 ml saturated K2CO3 solution terminated the reaction after 30 min. To oxidize hydrazine quantitatively and to prevent NH, formation by its decomposition, 0.5 ml saturated K3Fe(CN)6 solution next was introduced into flasks containing hydrazine or its derivatives. Ammonia was recovered by microdiffusion to an acid-dipped rod inserted into the 20-ml serum bottle and determined spectrophotometrically by Nessler's method. Control reactions were run under an argon atmosphere. For N2 fixation the average specific activity of the preparations was 5 nanomoles N2 fixed/ing PROC. N. A. S.
protein X min at a pN2 of 500 mm and a pH2 of 200 mm. Some experiments employed greater amounts of enzyme in 75-ml rubber-stoppered Erlenmeyer flasks or in 100-ml ground-joint roundbottom flasks with 3-way capillary stopcocks attached. Nitrogen evolution was measured with a mass spectrometer or by gas chromatography with a 40-ft. column of /h-in. inner diameter containing molecular sieve 5A. Helium served as carrier gas at room temperature with a flow rate of 1 ml/sec; a thermal conductivity detector was used.
Enzyme preparations from A. vinelandii: Azotobacter vinelandii was grown in aerated liquid culture in a 180-liter glass-lined fermentor on Burk's medium; the cell paste obtained by centrifugation was stored frozen. Cell extracts were prepared as described by Bulen et al.;"5 the supernatant of successive centrifugations at 35,000 g for 30 min and 144,000 g for 60 min was used for the experiments. Most reactions were run with 2 ml of reaction mixture in 20-ml serum bottles containing the desired atmosphere. The reaction mixture consisted of 0.2 mg creatine phosphokinase, 50 Mumole creatine phosphate, 5 jumoles ATP, 5 ,moles Mg + +, 80 umoles cacodylate, 40 Mmoles Na2S204, 9 mg crude enzyme protein, and the substance to be reduced; the pH was 7.0.
The reaction was started by injection of enzyme and Na2S204, and the bottles were shaken for 40 min at 320. After stopping the reaction with K2CO3 solution, NH3 was determined. The average specific activity was 4-5 nanomoles N2 fixed/mg protein X min. Control reactions were run under an atmosphere of argon.
Results.-Experiments with hydrazine and its derivatives: No reduction of hydrazine to NH3 by extracts from C. pasteurianum was observed in the range of concentrations from 0.5 X 10-' to 10-2 M (Table 1) . No reduction occurred with the hydrazine derivatives, which included one quaternary hydrazinium salt and one compound containing nitrogen-phosphorus links. All substances upon reduction of the N-N single bond should yield per molecule at least one molecule of NH3 or a derivative that easily hydrolyzes to give NH3. Hydrazine and its derivatives were only weak inhibitors of N2 fixation at concentrations of 10-3 M. The diazo compounds azaserine and p-diazobenzenesulfonic acid were not reduced to NH3 and amine; at 10-4 M the p-diazobenzenesulfonic acid showed a strong inhibition of N2 fixation.
Reduction of azide: The azide ion was reduced to NH3 and N2 by extracts from C. pasteurianum. Reactions were run in 100-ml round-bottom flasks equipped with 3-way capillary stopcocks; they contained 40 ml of standard reaction mixture and an atmosphere of H2 in experimental and argon in control vessels. The azide concentration was 10-2 M, the temperature 270, and the reaction time 30 minutes. The liquid was mixed with a magnetic stirring bar, and N2 was determined by mass spectrometry. Under these conditions a stoichiometric relationship between NH, production and N2 evolution of 1: 1 was found in two experiments (128 jhmoles concentration is indicated, 1 atmosphere. The N3-conand incubation was for 8 centration was 5 X 10-3 M nin.
and incubation was for 30 min.
NH3 per 125 imoles N2, and 147 Mmoles NH3 per 138 j.moles N2 formed). The reduction was linear with time for about 30 minutes at 10-2 M (Fig. 1) . Specific activities between 10 and 15 nanomoles azide reduced/mg protein X minutes have been observed. A Km value near 1 X 10-3 M was observed in several experiments, although a Km near 2 X 10-4 M for azide reduction was estimated by a LineweaverBurk plot of the values shown in Figure 2 . The reduction is dependent upon the H2 partial pressure (Fig. 3) ; the Km value for H2 is approximately 100 mm. An ATP-generating system is necessary for the reduction; omission of components of this system decreased the activity (Table 2) . Carbon monoxide inhibits azide reduction 50 per cent at 12 mm partial pressure (Fig. 4) . The reduction is inhibited 100 per cent by a partial pressure of 38 mm of nitric oxide and 20 per cent at a partial pressure of 50 mm of acetylene at an azide concentration of 10-2 M. Nitroprusside inhibits N2 fixation about 50 per cent and azide reduction about 40 per cent at 2 X 10-5 M (Fig. 5) . Reactions performed with enzyme preparations heated to 650 for 10 minutes showed no azide reduction. At azide concentrations of 5 X 10-4 M, 70-90 per cent of the azide nitrogen was found as NH3 after 30-50 minutes; no azide could be detected by qualitative tests after this time.
Reactions with A. vinelandii: N2-fixing extracts from A. vinelandii also reduced azide to NH3 and N2; the specific activity obtained by measurement of NHW formation was 12 nanomoles azide reduced/mg protein X minutes. N2 formation was detected gas chromatographically. Without Na2S204 added, the reaction rate was zero; ATP was necessary for reduction, but it was inhibitory at higher concentrations (Fig. 6) . No reduction of hydrazine to NH3 by extracts of A. vinelandii was observed at a hydrazine concentration of 10-3 M. Discussion.-Hydrazine inhibits the growth of N2-fixing bacterial cells, and no evidence for the reduction of this compound to NH3 by such cells has been found. Recently, Harris et al. '6 reported that when hydrazine was added to the medium of growing cultures of A. vinelandii, it was converted to acetylhydrazine. Harris and Roberts'7 indicated that NH3 competitively inhibited the conversion of hydrazine to acetylhydrazine and that hydrazine competitively inhibited NH3 uptake. To provide direct evidence for the proposed reductive fixation of N2, GarciaRivera and Burris'8 sought hydrazine in active cell-free preparations of C. pasteurianum; they were unable to demonstrate N" in hydrazine derivatives isolated from extracts supplied with N215. Our present experiments showed that hydrazine at concentrations up to 10-2 M was not reduced to NH3 by extracts of C. pasteurianum; neither did extracts of A. vinelandii produce NH3 from added hydrazine. These results give additional support to the idea'8 that if hydrazine is an intermediate in N2 fixation, it is bound to the enzyme surface in a way which prevents its equilibration with the reaction medium. This binding also prevents added free hydrazine from becoming attached to the reducing site of the enzyme.
None of the derivatives of hydrazine investigated were reduced; both hydrazine and its derivatives weakly inhibited N2 fixation. No reduction of the diazo group to NH3 or amine could be detected. Whereas the aliphatic diazo compound azaser-ine caused only weak inhibition of N2 fixation, p-diazobenzenesulfonic acid proved to be a potent inhibitor at concentrations of 10-4 M. In contrast to the weak coupling of the aliphatic diazo group, the aromatic diazo group must couple strongly and selectively to a site necessary for N2 fixation. In addition to its ability to couple with phenolic and heterocyclic groups, the aromatic diazo group also can form complexes with several transition metal ions;'9 its reaction with a molybdenum compound to form a covalent nitrogen-metal bond has been reported. 20 The azide ion is known as an inhibitor as well as a promoter of several enzymatic reactions. Lockshin and Burris2' showed that it only weakly inhibited N2 fixation, although the Km of 2 X 10-4 M for azide reduction implies that it has a high affinity for the active site and should be an effective inhibitor. A difference in pH between the current and the earlier2' experiments could produce a discrepancy because azide inhibition is sensitive to pH. In contrast to the hydrazine derivatives and aliphatic diazo compounds, nitrogen bonds in the azide ion were reduced readily; formation of one mole of NH3 and one mole of N2 was observed per mole of azide reduced. Like the fixation of N2, the reaction requires an ATP-generating system and depends upon H2, or some other electron donor. It is inhibited by CO, NO, acetylene, and nitroprusside, which also inhibit N2 fixation. Heat-treated enzyme preparations, containing the non-ATP-dependent hydrogenase but not the N2-activating system, do not reduce azide, All this evidence supports the concept that the reduction of azide takes place at the same enzyme site as the reduction of N2.
The rate of azide reduction by transfer of two electrons was about two to three times the rate of N2 fixation which requires a transfer of six electrons to yield ammonia.
As the N2-fixing enzyme apparently contains transition metal ions at the active site, and as azide is known to form complexes with many of these metals (especially iron), the first step of the reaction may be the combination of the azide anion with a metal cation. It has been proposed by several authors that the enzyme site for N2 chemisorption contains two complexed transition metal ions in a symmetrical position.2224 Bridged azide complexes of type (1) are known to be efficient intermediates -M-N-N-N-M-
in electron transfer reactions between ions of the same metal in different oxidation states because of the mobile electronic structure and symmetry of the ligand.26 Recently, azide-bridged polynuclear transition metal complexes have been isolated,26 and the azide could easily fit into such an environment on the N2-fixing enzyme. Subsequent addition of two hydrogen atoms to the complexed azide would lead to the unstable triazene or its metal-bound derivative, which should decompose to NH3 and N2 in a reaction path similar to the one designated for the nonphysiological reduction of azide by strong reductants27 (2) . 
If azide was supplied at very low concentrations (5 X 10-4 M), after relatively short periods 70-90 per cent of the azide nitrogen added could be recovered as NH3. A mechanism conforming to equation (2) with a secondary incorporation of released N2 could explain the reaction. If the N2 were released and again bound for reduction, one might expect its nearly quantitative reduction to be slower than observed. Apparently, at these low azide concentrations much of the N2 is not released but remains bound to the enzyme for direct reduction.
N2-fixing extracts of A. vinelandii also were able to reduce azide to NH3 and N2; an electron donor and ATP are necessary for the reaction. As with C. pasteurianum, the specific activities obtained were about three times those observed for N2 fixation by the same preparations.
The fact that the N2-fixing enzyme is able to reduce azide as well as acetylene, 8 9 nitrous oxide,4-6 cyanide' and isocyanidell makes it apparent that the responsible enzyme site is not highly specific for N2 and can accept and transform molecules of varying sizes. Thus, the great increase in N-N bond length of proposed intermediates in N2 fixation between N2 and NH3 should not prevent these intermediates from remaining attached to the same enzyme site during the whole 6-electron transfer reaction. Although the binding of N2 between two metal sites has been suggested frequently,22-24 the evidence for a double metal site, although attractive, is not compelling. In fact, the low specificity of the N2-activating enzyme and its binding of intermediates of N2 fixation despite changing bond lengths suggest that binding to a single metal site should be considered seriously.
Summary.-Cell-free N2-fixing enzyme preparations from C. pasteurianum did not reduce the N-N bond of hydrazine or of some of its derivatives; the compounds were only weak inhibitors of N2 fixation. Diazo compounds were not reduced, but p-diazobenzenesulfonic acid strongly inhibited N2 fixation. Azide was reduced to N2 and ammonia by the extracts. Like N2 fixation, azide reduction requires an electron donor and an ATP source and is inhibited by carbon monoxide, nitric oxide, acetylene, and nitroprusside. Thus, it appears that azide is reduced at the same site as is N2. Preparations of A. vinelandii capable of fixing N2 also reduce azide to ammonia and N2 and require an electron donor and ATP; they do not reduce hydrazine.
